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Displacement damage induced by neutron irradiation in China Spallation Neutron Source (CSNS) is studied on bipolar
transistors with lateral PNP, substrate PNP, and vertical NPN configurations, respectively. Comparison of the effects on
different type transistors is conducted based on displacement damage factor, and the differences are analyzed through
minority carrier lifetime calculation and structure analysis. The influence of CSNS neutrons irradiation on the lateral PNP
transistors is analyzed by the gate-controlled method, including the oxide charge accumulation, surface recombine velocity,
and minority carrier lifetime. The results indicate that the total ionizing dose in CSNS neutron radiation environment is
negligible in this study. The displacement damage factors based on 1-MeV equivalent neutron flux of different transistors

are consistent between Xi’an pulse reactor (XAPR) and CSNS.

Keywords: displacement damage, China Spallation Neutron Source (CSNS), reactor neutrons, bipolar tran-

sistors
PACS: 73.40.Lq, 85.30.Pq, 85.30.De, 29.25.Dz

1. Introduction

Bipolar circuits are widely used in satellites and space-
craft due to their excellent current drive capability, linear-
ity, and matching characteristics.!!! However, various particles
and rays in the space environment can cause serious degrada-
tion of their performance.!”! Displacement damage is one of
the important factors leading to the degradation of bipolar tran-
sistor performance. Many investigations have been carried out
on the displacement damage effect of bipolar transistors, >
and some people have even used the gain degradation models
to measure the particle fluence. >’

Neutrons, protons, and electrons can cause displacement
damage in semiconductor materials.””l However, protons and
electrons may have a synergistic effect due to the charge car-
ried, and the charge accumulation at the surface of the semi-
conductor devices may affect the displacement damage.[6~!
Therefore, neutrons are suitable for displacement damage
study. With the operation of China Spallation Neutron Source
(CSNS), it can provide a wider neutron energy spectrum, a
higher neutron portion, and a lower ionizing dose.!'>!1 It is
of great significance to use the CSNS to study the displace-
ment damage effect. In this paper, the differences between
the damage effects of the transistors caused by CSNS and
Xi’an pulse reactor (XAPR) were analyzed by using the gate-
controlled lateral PNP (LPNP) transistors, the vertical NPN
(VNPN) transistors, and the substrate PNP (SPNP) transis-
tors. The degradation of minority lifetime, oxide charge ac-
cumulation, and surface recombine velocity parameters were
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analyzed by charge separation method, and the effects were
analyzed by calculation.

2. Experimental details

The transistors were specially designed and manufactured
by the State Key Laboratory of Analog Integrated Circuit,
Chonggqing, China using the 8-pm process. Three kinds of
bipolar transistors are different in the structure, and other pa-
rameters are fixed. The doping concentration of the epitaxial
layer is 1.5 x 10! cm™3, the oxide layer thickness is 1 wm, the
emitter doping concentration is 1.0 x 10! cm™3, the junction
depth is 1.5 pum, and the base region doping concentration of
the NPN transistors is 8.0 x 10!7 cm™3. The typical layouts
and cross-sectional views of the transistors are illustrated in
Section 4, and their main parameters are summarized in Ta-
ble 1.

Table 1. Main parameters of the transistors.

Bas i Base dopi
Item Emitter area/pum? a.ge reglof ase f)pmg 3
width/pm concentration/cm ™"
VNPN 40 % 20 11 8.0 x 1017
LPNP 140 % 26 12 1.5%x 105
SPNP 66 x 28 11 1.5%x 105

Reactor neutrons irradiation on the transistors was per-
formed using a training, research, isotopes, general atomics
(TRIGA) nuclear reactor, i.e., Xi’an pulse reactor. The XAPR
was operated with the power of 100 kW, the 1-MeV equiv-
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alent neutron flux rate was 5.8 x 10° cm—2-s~!, and the neu-
tron/gamma ray ratio (n/y ratio) was 7.7 x 10° cm~2-rad(Si) .
The neutron energy was distributed between 10 keV and
10 MeV, and the mean value of neutron energy was about
1 MeV (Fig. 1).1"?! The accuracy of neutron fluence measure-
ment was within £7.5%. In this paper, the reactor neutron
fluence is given as the 1-MeV equivalent fluence.
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Fig. 1. Experimental neutron energy spectrum of XAPR.

The spallation neutrons irradiation on the transistors was
performed at CSNS with the 20-kW operating power, and the
proton beam pulses were accelerated to 1.6 GeV at 25-Hz rep-
etition rate, striking a solid lead (Pb) target to produce spalla-
tion neutrons.''%! The neutron flux rate is 2.72 x 10° cm~2-s~!
under 20-kW operating power in this study. It is necessary
and convenient to convert neutron counts into 1-MeV neutron
equivalent fluence for displacement damage study. Based on
the American Society for Testing and Materials (ASTM) E722
standard, a 1-MeV neutron equivalent fluence conversion co-
efficient of energy above 0.01 MeV is calculated according to
the CSNS neutron spectra (Fig. 2). The conversion coefficient
is shown in Fig. 3. The 1-MeV neutron equivalent converting
calculations make the effects induced by two neutron environ-
ments comparable.
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Fig. 2. Theoretical neutron energy spectrum of CSNS.

During irradiation, all the pins were shorted to the ground,
and after exposures, the gain parameters of the transistors were
measured with an HP4156A semiconductor parameter ana-
lyzer. The measuring method was as follows: for the PNP
transistors, the collector was grounded, the emitter was main-
tained at 2 V, and the base voltage was swept from 2 V to 1 V;

for the NPN transistors, the emitter was grounded, the collec-
tor was maintained at 2 V, and the base voltage was swept from
OVtol V.
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Fig. 3. The 1-MeV neutron equivalent conversion coefficient of CSNS.

3. Experimental results

Current gain is one of the most important electrical pa-
rameters for bipolar transistors. The current gain degrada-
tion induced by displacement damage is well described by

Messenger—Spratt equation!!?!

Ahgp (@) =Kg- & = —, (1)

where A is the current gain of the transistors, which equals Ic
divided by Is. K¢ is the energy-dependent displacement dam-
age factor, and @ is the incident neutron fluence. According
to the linear relationship of the equation, we can calculate the
damage factor of the gain under the same collector current for
comparison. For PNP transistors, Ic was fixed at 2 X 1073 A,
and 6 x 10~* A for NPN transistors’ Ic.

1.6
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[ ——SPNP
1.2 —— VNPN
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Neutron fluence/10'3 n-cm—2
Fig. 4. Athl (@) versus neutron fluence @ for LPNP, SPNP, and VNPN
bipolar transistors irradiated by XAPR.
The transistors are irradiated by reactor neutrons up
to 2.3 x 10'3 cm™2, and spallation neutrons up to 4.97 x
10'" em™2 (VNPN up to 7.0 x 10'! cm~2). The data are mea-
sured in situ at regular intervals, respectively. The neutron
fluence described here is 1-MeV neutron equivalent fluence.
The Ah;é () versus P curves for the lateral PNP tran-
sistor, substrate PNP transistor, and vertical NPN transistor ir-
radiated by reactor neutrons and spallation neutrons are illus-
trated in Figs. 4 and 5. The damage factors for the three types
of transistors are listed in Table 2.
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Fig. 5. Ah;E' (P) versus neutron fluence & for LPNP, SPNP, and VNPN
bipolar transistors irradiated by CSNS.

Table 2. Displacement damage factors of the transistors.

Item  Damage factor in XAPR/cm?>  Damage factor in CSNS/cm?

LPNP 6.55x 10714 5.89 x 10~ 14
SPNP 1.62x 10714 1.56 x 10714
VNPN 3.37x 10716 3.22x 10716

The data show that the lateral PNP transistor is most sen-
sitive, the substrate transistor is the second, and the vertical
NPN transistor is the least sensitive in this study. From the
comparison of damage factors in two environments, the dis-
placement damages induced by CSNS neutrons are slightly
lower than XAPR. Figure 2 shows the neutron spectrum gen-
erated by CSNS. 14% of the neutrons are less than 0.1 MeV,
40% are from 0.1 MeV to 1 MeV, 41% are from 1 MeV to
20 MeV, and 5% are above 20 MeV. The 1-MeV neutron
equivalent conversion coefficient of CSNS is conducted ac-
cording to ASTM E722. But the ASTM standard only cov-
ers neutrons with energies below 20 MeV. In this study, the
silicon displacement damage kerma factor of neutrons above
20 MeV is uniformly set to 182.87 MeV-mb, which may cause
the difference of the damage factors. However, in the range of
measurement uncertainty, we can still conclude that the results
are consistent. The results also indicate the non-ionizing en-
ergy loss (NIEL) methodology is suitable to normalize the dis-
placement damage induced by neutrons with different energy

spectra. 14!

4. Discussion
4.1. Analysis of effect differences
As mentioned in Ref. [15], the reciprocal gain hgp is
given by
L _ b _

R Irg +1Ip +IrG + I — IcBo
hre  Ic Ic .

2

The gain is determined by five current components from the
following parts: bulk base recombination Irp, recombination-
generation in B-E depletion layer Irg, B-E minority carrier

reverse diffusion Ip, BE surface leakage Is, and B—C reverse

leakage Icpo. Considering the displacement damage, the bulk
base recombination current Irp plays the most important role

of these components, which is given by

_ qAWohno ex qVBE 3)
27 P kT )’

where ¢ is electronic charge, A. is emitter area, W, is base

Irp

width, np, is thermal equilibrium minority carrier concentra-
tion in the base, 7, is minority carrier lifetime in the base, and
k is Boltzmann’s constant. It can be seen from Eq. (3) that
the bulk base recombination current is mainly affected by the
width and the minority carrier lifetime of the base. In this
study, the base width of the three transistors are: LPNP 12 pum,
SPNP 11 pm, and VNPN 11 pm. Therefore, minority car-
rier lifetime dominates the displacement damage effect. The
minority carriers in NPN transistor base region are electrons,
while those in PNP transistor base region are holes. We can
calculate the individual minority carrier lifetime using empiri-
cal equations!'®!

1
for NPN: — =3.45x 1072N, +0.95x 107 3N? 571, (4)

TI]

for PNP: Tlp =78x107 BN +1.8x 103N s7L ()
Base on the process parameters of the transistors intro-
duced in Section 2, it can be calculated that the 7, = 3.55 x
1077 s, T, = 8.55 X 10~* s under initial conditions. Obvi-
ously, the minority carrier lifetime of PNP transistors is much
longer than that of NPN transistors. For bipolar devices, mi-
nority carrier lifetime shortening is the most important effect.
The longer the initial lifetime is, the more sensitive the devices
are.!'”] The PNP transistors are more vulnerable to displace-
ment damage than NPN transistors. In addition, the lateral
PNP transistor has the largest emitter perimeter (332 pm) in
this study, the substrate transistor is the second (188 wm), and
the vertical NPN transistor is the least (120 wm). The emitter
perimeter values also lead to the discrepancy on different tran-
sistors. The bulk base recombination current Irg could be also

written as:
ks =g [ RAV. ©)
%4

where g is electronic charge, and R is bulk recombination rate.
V is volume of the bulk recombination, which is proportional
to emitter perimeter and base width. Obviously, the LPNP
has a larger bulk base recombination current than the sub-
strate PNP and vertical NPN transistors, leading to more se-
vere degradation after neutron irradiation.

On the other hand, the parasitic structure inside the tran-
sistors may also affect the displacement damage effect. The
cross-sectional view and parasitic structure schematic diagram

of the lateral PNP transistor are illustrated in Fig. 6.
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Fig. 6. Cross-sectional view and parasitic structure schematic diagram
of the lateral PNP transistor: (a) cross-sectional view of the lateral PNP
transistor, (b) two parasitic transistor in LPNP, and (c) reverse biased
collector.

The parasitic transistor structures in LPNP are composed
of E (emitter)-B (base)-S (substrate) and C (collector)-B
(base)-S (substrate), respectively. In the test conditions of this
study, the collector is grounded and the emitter is connected
to high potential, thus the C—B-S parasitic structure would not
affect the gain parameters of LPNP. But the influence of E—
B-S parasitic transistor could not be ignored,!'®! and it will
significantly reduce the gain of LPNP, which will be more sig-
nificant when it is affected by displacement damage. Only
holes injected from the side of the emitter contribute to the
gain of LPNP, and holes injected at the bottom of the emit-
ter contribute to the gain of the parasitic PNP transistor. The
base current measured in this paper is indeed the superposition
of the base currents of E-B—C and E-B-S transistors. Under
the combined action of two transistors, the excess base current
after neutron irradiation could increase significantly.

The cross-sectional view of the substrate PNP transistor
is illustrated in Fig. 7. The collector of the substrate PNP tran-
sistor is the common substrate of the whole circuit, and there
is no parasitic structure that could affect the SPNP parameter.

Figure 8 shows the cross-sectional view and parasitic
structure schematic diagram of the vertical NPN transistor.

The PNP transistor is a parasitic structure, which is composed

of B—C-S. In the NPN test conditions of this study, the emitter
is grounded and the collector is connected to high potential,
thus the parasitic PNP transistor is in the off state and would
not affect the gain of the NPN transistor.

B E B
* *

C
!

P-SUB

Fig. 7. Cross-sectional view of the substrate PNP transistor.

o

o
w

, .
!

Fig. 8. Cross-sectional view and parasitic structure schematic diagram
of the vertical NPN transistor: (a) cross-sectional view of the vertical
NPN transistor and (b) parasitic transistor in VNPN.

4.2. Further study of radiation effects induced by CSNS
using GCLPNP

The gate-controlled lateral PNP bipolar transistor
(GCLPNP) can be considered as a combination of bipolar
transistor and metal-oxide—semiconductor field-effect tran-
sistor (MOSFET).!") The cross-sectional view and structure
schematic diagram of the GCLPNP transistor are illustrated in
Fig. 9.

The addition of a gated electrode to the base oxide layer
allows dynamic control of the carrier concentrations at the sur-
face of the transistor. By sweeping the gate voltage, the tran-
sistor can be operated in accumulation, depletion, or inversion
modes while still biased in the forward active region of opera-
tion, allowing the device to exhibit both MOSFET and bipolar

067302-4



Chin. Phys. B  Vol. 28, No. 6 (2019) 067302

junction transistor (BJT) characteristics. In the measurements,
the collector and base are grounded, the emitter is maintained

at 0.45 'V, and the gate voltage is swept from 10 V to —50 V.

§ f i . Z’/f» I
/ P~ substrate

Fig. 9. Cross-sectional view and structure schematic diagram of the
GCLPNP transistor: (a) cross-sectional view of the GCLPNP transistor
and (b) structure schematic diagram in GCLPNP transistor.

According to Ref. [18], the surface recombination veloc-
ity srv, the net increase in positively trapped charge in the ox-
ide ANpx, and minority lifetime 7 could be approximately cal-

culated by
qpehe qVEB n’xp
frng . 1 . 7
Ly eXP( T ) |:ND +nIXd}, (N
2A[

srv = B , (8)

GSpeakhi €X qVﬂ

peak /i €XP T

AV C

ANpx = —0%, ©)

where ¢ is electronic charge, pg is emitter perimeter, hg is
emitter junction depth, Iz is base current under cumulative
condition, n; is the intrinsic carrier concentration, xg is the
active base width, Np is the doping level of the base, x4 is
the width of the depletion region between the emitter and the
base, Cox is the capacitance of the oxide, Alg is the change
in the height of the base current peak, and Speqx is the sur-
face area over the active base region. In short, the change in
the peak voltage position of the curve characterizes the effect
of the oxide trap charge, the relative peak height character-
izes the surface recombination velocity, and the overall rise
of the curve characterizes the change in minority lifetime. A
typical relationship of base current versus gate voltage before

and after proton irradiation is shown in Fig. 10.1' Using gate

control, the effects of ionization and displacement damage for

CSNS neutron irradiation can be separated and analyzed inde-

pendently.
20
< 15f
£ srv
2 proton
8
5 10
8 T
@
5 5F ANor
pre-rad
0 1 1
—20 0

Gate voltage/V

Fig. 10. Typical result of base current versus gate bias for both proton
and prerad situations.

The base current response for the GCLPNP transistor is
shown in Fig. 11. The pre-rad curve and those for devices ex-
posed to different neutron fluence exhibit similar qualitative
characteristics, but each data set is quite different from the
others in average value of the base current under cumulative

condition.
6.0 —a— 0
—e— 1.3X10!! cm—2
< S 27X101 em—? A
ki —— 7.5X10! cm—2 f
o 4.0}
—
~
+
g
(o) ; ‘
:
g 20|
% L
" 4
0 1 1 1 1 1 1 1

—40 —20 0 20
Gate voltage/V

Fig. 11. Experimental base current versus gate bias on GCLPNP irradi-
ated by different level CSNS neutrons.

Table 3. Ionizing dose factors of GCLPNP transistors irradiated by
CSNS neutrons.

Neutron fluence/cm? Ving/V Alg/A srv/srvg
0 -92 6.09 x 1072 1
1.3 x 10 -8.0 5.89x 107° 0.97
2.7 x 101 -8.0 4.65 %107 0.76
7.5 % 101! -8.0 4.82x107° 0.79

The ionizing dose factors analyzed by charge separation
method are listed in Table 3. Figure 12 is the experiment re-
sult of base current versus gate bias on GCLPNP irradiated by
different level total ionizing doses. The GCLPNP transistors
are irradiated by cobalt source gamma rays. The total ionizing
dose effect causes negative drift of gate voltage, and Alg in-

creases with the total dose. It can be seen from Table 3 that the
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influence of ionizing radiation caused by different level spal-
lation neutrons is negligible, and the surface recombination

velocity and oxide trap charge even exhibit a slight decrease.

—=— 3.7 krad(Si)
20k ™ 7.4 krad(Si)
: —=— 11.1 krad(Si)

< —=— 14.8 krad(Si)
i —=— 18.5 krad(Si)
S 1.5 ——27.8 krad(Si)
> —=— 37.0 krad(Si)
=] |

8 /“'./ H-.-
5 1.0 -t

o -

(]

3

& 0.5F

-50 —40 —-30 —-20 —-10 O 10
Gate voltage/V

Fig. 12. Experimental base current versus gate bias on GCLPNP irradi-
ated by different level total ionizing dose.

Except for the extra gate, the GCLPNP and LPNP have
the same process parameters. According to a series of process
parameters introduced in Section 2, the minority lifetime of
GCLPNP is calculated. Equation (10) equals

2.6x 10712
T=—"—.

Is (10)

The minority carrier lifetime before and after CSNS neutron
irradiation is calculated, as listed in Table 4. By qualita-
tively comparing with the pre-rad calculation result of empiri-
cal Eq. (5), the calculation result of Eq. (10) could be consid-
ered to be reliable.

Table 4. Minority lifetime of GCLPNP transistors irradiated by CSNS
neutrons.

Neutron fluence/cm2 Ig/A T/s
0 479 x 1079 543 %1074
1.3 x 10" 1.34 %1078 1.94 %1074
2.7 x 101 2.17x 1078 1.20x 1074
7.5 % 10! 4701078 5.53% 1072
16 F
12+

A(1l/7)/103

0 2 4 6 8

CSNS neutron fluence/10" cm—2

Fig. 13. A(1/7) versus CSNS neutron fluence on GCLPNP transistor.

The minority carrier lifetime degradation for the
GCLPNP transistor is shown in Fig. 13. The change in the

reciprocal of carrier lifetime is linear with the neutron fluence,

which is consistent with the literature. [20]

5. Conclusion

Displacement damage of LPNP, SPNP, and VNPN tran-
sistors induced by reactor neutrons and spallation neutrons is
consistent according the NIEL methodology. Besides the base
width and emitter area, the parasitic structure inside the tran-
sistor circuit also plays an important role affecting the dis-
placement damage effect. Using a gate-controlled LPNP BJT
as a test device, the effects of ionizing dose and displacement
damage can be examined, respectively. It is shown that minor-
ity lifetime degradation dominates the CSNS neutron radiation
response, while the change of oxide traps and surface recom-
bination velocity are negligible. This gate biasing technique
provides a convenient method to analyze the details of ioniza-

tion and displacement damage in irradiated BJTs.
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